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Human pluripotent stem cells (hPSCs) display exten-
sive epigenetic instability, particularly on the X chro-
mosome. In this study, we show that, in hPSCs, the
inactive X chromosome has a specific heterochro-
matin landscape that predisposes it to erosion of X
chromosome inactivation (XCI), a process that occurs
spontaneously in hPSCs. Heterochromatin remodel-
ing and gene reactivation occur in a non-random
fashion and are confined to specific H3K27me3-en-
riched domains, leaving H3K9me3-marked regions
unaffected. Using single-cell monitoring of XCI ero-
sion,weshowthat this instabilityonlyoccurs inplurip-
otent cells.We alsoprovide evidence that loss ofXIST
expression is not the primary cause of XCI instability
and that gene reactivation from the inactive X (Xi) pre-
cedes loss of XIST coating. Notably, expression and
coating by the long non-coding RNA XACT are early
events in XCI erosion and, therefore, may play a role
in mediating this process.
INTRODUCTION
Human pluripotent stem cells (hPSCs) display an unlimited
growth capacity as well as the ability to differentiate into a
wide variety of highly specialized cell types and are fundamental
tools of applied biology and regenerative medicine (Tabar and
Studer, 2014; Takahashi and Yamanaka, 2013). hPSCs and, in
particular, human embryonic stem cells (hESCs) also represent
an emerging model for studying human development (Zhu and
Huangfu, 2013). hESCs are now widely used to decipher the
epigenetic remodeling that characterizes embryonic stages
and accompanies early cell fate decisions (Ba´rtova´ et al., 2008;
Brunner et al., 2009; Guenther et al., 2010; Hawkins et al.,
2010; Shipony et al., 2014). This research into hESC pluripotency
is also critical for therapeutic approaches because hPSCs haveto maintain epigenetic features that mirror, as much as possible,
normal development. Indeed, although epigenetic marks may
not be key regulators of pluripotent cell identity, they control
genes involved in lineage commitment aswell as specific regions
of the genome, such as centromeres, imprinted loci, and one X
chromosome in female cells (Vallot and Rougeulle, 2012). Pertur-
bations of the epigenetic landscape of embryonic stem cells
might not directly affect undifferentiated cells but may have
drastic consequences on their differentiated progeny. Moni-
toring epigenetic modifications and their instability in hPSCs
is, therefore, an important step on the road to therapeutic
applications.
Amajor level of epigenetic variation in hPSCs arises at the level
of the X chromosome. In femalemammals, one X chromosome is
transcriptionally inactivated during early development. X chro-
mosome inactivation (XCI) is controlled by XIST, a master long
non-coding RNA (lncRNA) that coats the X chromosome in cis
and triggers transcriptional silencing and accumulation of re-
pressive histone modifications. The inactive X (Xi) is character-
ized by hypermethylation of histone H3 lysine 9 (H3K9) and
histone H3 lysine 27 (H3K27) (Wutz, 2011). XIST is essential for
the initiation of the X inactivation process (Pontier and Gribnau,
2011) but appears to be mostly dispensable for maintenance
of the inactive state (Brown and Willard, 1994; Csankovszki
et al., 1999), which, when established, is stably propagated
throughout cell divisions for the entire life of the individual.
hPSCs represent, however, a notable exception to the stable
transmission of an inactive X chromosome. XCI has already
occurred in the majority of female hPSC lines but is highly unsta-
ble in culture, and key features of the inactive state are gradually
lost in a manner that appears to be irreversible (Hall et al., 2008;
Mekhoubad et al., 2012; Shen et al., 2008; Silva et al., 2008). This
‘‘erosion’’ of XCI (Mekhoubad et al., 2012) in hPSCs is character-
ized by loss of XIST expression and XIST coating, global loss of
H3K27 tri-methylation (me3) as monitored by immunofluores-
cence (IF), reduced promoter DNA methylation, and reexpres-
sion of several X-linked genes. We recently discovered XACT,
a lncRNA that displays the unique property of coating the active
X (Xa) chromosome specifically in hPSCs, and we showed that
coating by XACT is also a feature of the ‘‘eroded’’ X (Xe) (VallotCell Stem Cell 16, 533–546, May 7, 2015 ª2015 Elsevier Inc. 533
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Figure 1. The Pluripotent-Specific Epigenomic Landscape of the Human X Chromosome
(A) Schematic of XCI status and its analysis in hESCs. Scale bars, 5 mm.
(B) ChIP-seq profiles (log2 enrichment over input) and chromosomal density maps of peaks detected for H3K27me3 (green tracks) and H3K9me3 (blue tracks)
in human male H1 and female H9 hESCs and in IMR90, a fibroblast female cell line derived from normal fetal lung. The position of the XIST locus is indicated at
the top.
(C) Percentage of peak occupancy per chromosome for H1, H9, and IMR90. Red dotted lines represent median genomic occupancy.
(legend continued on next page)
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et al., 2013). The XCI-eroded phenotype has begun to be charac-
terized (Mekhoubad et al., 2012; Nazor et al., 2012), and modifi-
cation of expression patterns, altered growth, and differentiation
properties have been associated with XCI erosion (Anguera
et al., 2012). However, the consequences of this instability on
stem cell identity and fate remain to be precisely assessed. In
addition, the exact extent of XCI erosion and the causes of this
instability must be identified to develop strategies aiming at sta-
bilizing the XCI status. In this context, it is particularly intriguing
that erosion of XCI has never been reported to occur in differen-
tiated cells.
Here we explore the heterochromatin organization of the X
chromosome in hESCs and its link to XCI erosion. Chromatin
immunoprecipitation sequencing (ChIP-seq) analysis reveals
that the Xi in hESCs is partitioned in distinct, non-overlapping ep-
igenomic domains characterized by either K3K9 trimethylation
(H3K9me3) or H3K27 trimethylation (H3K27me3) and that this
bi-partite organization is not conserved in primary differentiated
cells. By combining epigenomic studies with allelic RNA seq-
uencing (RNA-seq), we show that erosion of XCI is not a chromo-
some-wide process. Rather, it appears to be an organized
phenomenon, restricted to H3K27me3-rich domains, in which
chromatin and transcriptional alterations occur. We developed
an innovative RNA fluorescence in situ hybridization (FISH)
approach to probe this instability at the single cell level, and, us-
ing this strategy, we linked erosion of XCI to pluripotency. Finally,
we provide evidence that loss of XIST expression is not the
cause of X inactivation instability and show that gene reactiva-
tion from Xi precedes loss of XIST coating. In particular, expres-
sion and coating of the X chromosome by XACT appears to be a
precocious event in XCI erosion, which could suggest a role for
XACT in the epigenetic instability of hESCs.
RESULTS
A Pluripotent-Specific Epigenomic Partitioning of the
Inactive X Chromosome
X inactivation is highly unstable in hESCs, and cells harboring
various XCI states can co-exist within the same culture. We
therefore established an experimental procedure to isolate and
maintain homogeneous hESC populations with respect to their
XCI status (Figure 1A; Supplemental Experimental Procedures;
Vallot et al., 2013), which is an absolute pre-requisite for robust
ChIP-seq and RNA-seq analyses. We obtained pure populations
of post-inactivation H9 and HUES1 hESCs carrying either an Xi
coated by XIST and enriched in H3K27me3 or an Xe lacking
both XIST coating and accumulation of H3K27me3. We termed
these populations XaXi and XaXe, respectively. Importantly,
the XCI status was monitored on a regular basis and prior to
any molecular analysis, and samples deriving from the original
homogeneous XCI configuration were discarded.
We first investigated, by ChIP-seq, the heterochromatin
organization of the X chromosome in XaXi H9 cells, analyzing(D) Top: Euler diagram displaying megabases of the X chromosome covered by
H3K9me3 and H3K27me3 ChIP-seq profiles in H9 hESCs. Log2 ratios were c
calculated using random permutations of the datasets.
(E) Same analysis as in (D) for IMR90 cells.
See also Figures S1 and S2 and Table S1.specifically H3K9me3 and H3K27me3 because both marks
characterize the Xi facultative heterochromatin in humans
(Boggs et al., 2002; Chadwick and Willard, 2004). Visualization
of H3K9me3 and H3K27me3 profiles indicates that these marks
are already highly abundant on the X chromosome in female
hESCs (Figure 1B). Discretization of the ChIP-seq profiles
using jahmm (Filion and Cusco´, 2014) shows that 25% of the X
chromosome is covered by H3K27me3 peaks and 32% by
H3K9me3 peaks and that these regions do not seem to be
randomly distributed. H3K27me3 peaks are organized in several
large and well delimitated domains, the major one spanning
around 50 Mb in the middle of the long arm. The XIST locus
lies within an H3K27me3 domain. However, XIST itself is devoid
of this mark, as expected for an expressed gene (Figure S1A).
H3K9me3 peaks cover most of the short arm as well as the
most proximal and distal parts of the long arm. A second obser-
vation is that X is the chromosome that displays the highest
accumulation of H3K9 and K27 tri-methylation in female hESCs
(Figure 1C). Very little enrichment is found on the autosomes
(median coverage of 1% and 5% for H3K27me3 and
H3K9me3, respectively), with the exception of chromosome
19, on which several clusters of ZNF genes are enriched for
H3K9me3 but not for H3K27me3, as described previously (Vogel
et al., 2006). The Xa is alsomostly devoid of those two repressive
marks (0.5% and 1% coverage for H3K27me3 and H3K9me3,
respectively), as seen in male hESCs (H1, Table S1; Figure 1B),
indicating that the enrichment detected in female hESCs corre-
sponds to the Xi. Strikingly, visualization of the H3K9me3 and
H3K27me3 peak density map along the X chromosome reveals
that these two marks, overall, occupy distinct chromosome do-
mains in female hESCs. H3K9 and H3K27 tri-methylation indeed
shows an anti-correlated profile (Pearson’s correlation score be-
tween log2 enrichments, r = 0.61, p < 106; Figure 1D), and
they co-occupy only 3% of the X chromosome. Such an anti-
correlated distribution was confirmed in two additional XaXi
hESCs datasets (Figure S2A).
In female differentiated cells, H3K9me3 and H3K27me3 pro-
files are markedly divergent from that of hESCs regarding both
X versus autosome distribution as well as the partitioning of
the two marks on the Xi chromosome (Figures 1B, 1C, and 1E).
First, as reported previously (Hawkins et al., 2010), there is a
marked increase relative to hESCs in the fraction of autosomes
covered by these heterochromatic marks, ranging from 10%–
49% of their sequence in differentiated cells, depending on the
modification and the chromosome studied (Figure 1C; Figures
S1B–S1C). The overall coverage of H3K9me3 on the X chromo-
some is within the same range as that of autosomes (24%; me-
dian, 25%). H3K27me3 coverage on the X chromosome remains
the highest (32%; median, 16%) but is within the range of some
autosomes (chr20 and chr17, for example). Strikingly, this obser-
vation does not apply to the Xa, which is overall depleted of
H3K27me3 and displays variable enrichment of H3K9me3 (Fig-
ures S1B and S1C). The relative hypomethylated status of theH3K27me3 and H3K9me3 peaks in XaXi H9 cells. Bottom: superposition of
ompared using Pearson’s correlation test, and the associated p value was
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Figure 2. XCI Erosion Is Associated with Restricted Epigenomic Remodeling
(A) ChIP-seq profiles and densitymaps of peaks detected for H3K27me3 (green tracks) and H3K9me3 (blue tracks) in XaXi and XaXeH9 hESCs. Traces show log2
enrichment over input. The dotted rectangle delineates the zoom shown in (F).
(B) Percentage of peak occupancy per chromosome in XaXi (light color) and XaXe (dark color) H9 hESCs for H3K27me3 (green) and H3K9me3 (blue).
(C) Scatterplot comparing H3K27me3 and H3K9me3 log2 enrichment ratios between XaXi and XaXe H9 cells for chromosomes X and 19. Log2 ratios were
compared using Pearson’s correlation tests, and the p value was computed as in Figure 1.
(D) Scatterplot comparing H3K27me3 log2 enrichment ratios on the X chromosome in male versus female XaXi or XaXe H9 cells.
(legend continued on next page)
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Xa might be linked to its known upregulation, which compen-
sates for the X/autosome gene dosage imbalance in mammalian
cells (Deng et al., 2011). Second, there is a partial redistribution
of H3K27me3 and H3K9me3 along the Xi between pluripotent
and differentiated cells (Figure 1B; Figures S1D–S1G); only half
of the H3K27me3 and H3K9me3 peaks in pluripotent cells are
conserved in differentiated cells. Moreover, the overlap between
H3K9me3 and H3K27me3 peaks on the Xi is increased in differ-
entiated cells compared with pluripotent cells (Figures 1D and
1E, top; Fisher’s exact test, p < 1016), and H3K27me3 and
H3K9me3 profiles are no longer anti-correlated in IMR90 cells
(Figure 1E, bottom, r = 0.07). This observation was confirmed
in two additional primary cell types (Figure S2B). In contrast,
immortalized cells display an anti-correlated distribution of
H3K9me3 and H3K27me3, as described previously (Chadwick
and Willard, 2004; Nozawa et al., 2013), and are, in this respect,
clearly distinct from primary cells (Figure S2C).
Our analysis therefore reveals a partitioning of the facultative
heterochromatin on the Xi in hESCs, characterized by either
H3K9 or H3K27 tri-methylation. This organization is not main-
tained in primary differentiated cells, where more regions are
co-enriched in both marks. This pronounced change in the epi-
genomic landscape of the Xi between pluripotent and differenti-
ated cells suggests that XCI, although already initiated, is not in
its final state in hESCs. This might contribute to the different
sensitivity of the two cell types to XCI instability.
Epigenomic Instability of the Inactive X Chromosome Is
Restricted to H3K27me3 Domains
Erosion of XCI in hPSCs has been shown to be associated with
aberrant DNA methylation profiles at gene promoters (Mekhou-
bad et al., 2012; Nazor et al., 2012; Shen et al., 2008), but the
global heterochromatin landscape of the Xe has not been inves-
tigated. To do so, we conducted a ChIP-seq analysis in pure
XaXe hESC populations (Figure 2). This analysis reveals that
the Xe is characterized by a massive loss of H3K27me3 (Fig-
ure 2A), in agreement with this mark being dependent on contin-
uous XIST expression and coating. The percentage of the Xe
occupied by H3K27me3 peaks is reduced to 1%, within the
same range as that of the Xa and autosomes (Figures 1, 2A,
and 2B). This loss is specific to the X chromosome; the few
loci enriched in H3K27me3 on chromosome 19 do not undergo
such remodeling (Figure 2C). The H3K27me3 profile on the Xe
strongly resembles that of the Xa in male hESC (Figure 2D, r =
0.73, p < 106). Although H3K27me3 peaks on the Xi cluster in
large domains (largest peak cluster of 301 kb) and are equally
distributed between intergenic and genic regions, the peaks on
the Xe and Xa aggregate into smaller clusters (maxima of 29(E) Genomic association between H3K27me3 peaks and gene annotation. Log2
sociation Tester (GAT).
(F) Zoom of H3K27me3 (green) and H3K9me3 (blue) ChIP-seq profiles for the X ch
XaXe (dark) H9 hESC. The graphs show log2 enrichment over input. Black horizon
XaXi H9.
(G) Hierarchical clustering of correlation scores between H3K27me3 log2 enric
indicated in black and differentiated cell lines in dark yellow; XCI status is indicate
between two H3K27me3 ChIP-seq datasets. Black squares indicate clustering g
(H) The same analysis for H3K9me3.
See also Figure S2 and Table S1.kb and 26.5 kb, respectively) that are restricted to 50 and, to a
lesser extent, 30 regions of X-linked genes (Figure 2E). Such a
distribution suggests a role in local, gene-specific silencing, as
seen on autosomes.
In marked contrast to H3K27me3, the overall profile of
H3K9me3 enrichment is maintained on the Xe (r = 0.87, p <
106; Figures 2A–2C). The distribution of the peaks is maintained
(Figure 2A), but we observed, in XaXe cells, a lower performance
of peak detection compared with XaXi cells, which is more pro-
nounced for the X chromosome compared with chromosome
19 (41% and 11% variation in H3K9me3 peak coverage, respec-
tively; Figure 2B). H3K9me3 peaks cluster in larger domains
on the Xi and Xe compared with the Xa (largest clusters of
278 kb, 223 kb, and 51 kb, respectively). The boundaries of the
H3K9me3 domains on the X chromosome are also largely
conserved between XaXi and XaXe hESCs. In some cases,
however, limited spreading of H3K9me3 to nearby H3K27me3-
depleted regions was observed (see zoom, Figure 2F). Mainte-
nanceofH3K9me3 inXaXehESCswasconfirmed in anadditional
cell line, WIBR3 (Figure S2D). These results indicate that mainte-
nance of H3K9 tri-methylation on theXi is not dependent onXIST.
They also imply that H3K9me3 distribution is not massively con-
strained by H3K27me3 because this would have led to global
accumulation of H3K9me3 on the Xe. Together, our findings
reveal that erosion of XCI is not accompanied by a complete reor-
ganization of the heterochromatin landscape of the X chromo-
some but that chromatin changes appear to be limited to specific
domains, in particular those enriched in H3K27me3.
To summarize our findings, we compared the heterochromatin
landscape of the X chromosome across all previously mentioned
cellular states, pluripotent (XaXi and XaXe) and differentiated
(primary and immortalized cells), through a correlative matrix of
H3K9me3 and H3K27me3 enrichment profiles along the X chro-
mosome (Figures 2G and 2H). Hierarchical clustering confirmed
that both H3K27me3 and H3K9me3 profiles discriminate hESCs
from differentiated cells. Within these cellular contexts, XaXi
hESCs are distinguished from XaXe hESCs by their H3K27me3
profile (Figure 2G), whereas primary differentiated cells differ
from immortalized cells by their H3K9me3 profile (Figure 2H).
Transcriptional Reactivation of the Xe Is Partial and
Corresponds to H3K27me3 Domains
A substantial variation in X-linked gene expression associated
with XCI erosion has been reported, but this was mostly based
on microarray analyses (Mekhoubad et al., 2012), which assess
expression levels rather than allelism. To probe X-linked gene re-
activation and to integrate this information with the epigenomic
variations we identified, we generated RNA-seq data from pureenrichment and associated q values were computed using the Genomic As-
romosome region most enriched in H3K27me3 (85–145 Mb) in XaXi (light) and
tal lines correspond to regions with higher H3K9me3 enrichment in XaXe versus
hments along the X chromosome in all cellular contexts studied. hESCs are
d in brackets. The intensity and size of circles is relative to the correlation score
roups.
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Figure 3. Transcriptional Reactivation upon XCI Erosion Is Restricted to H3K27me3 Domains
(A) Chromosomal maps of informative SNPs detected in genomic DNA (black) and in the transcriptome of XaXi and XaXe H9 cells, aligned with the epigenomic
map of the XaXi H9 (H3K27me3, green; H3K9me3, blue). Blue and red lines indicate biallelic expression (escapees [biallelic in XaXi and XaXe] and reactivated
genes [biallelic in XaXe only], respectively), whereas gray lines correspond tomonoallelic expression in XaXi and XaXe cells. Dotted rectangles delineate the zoom
shown in (C–E).
(B) Enrichment of H3K27me3 and H3K9me3 along the 78 genes with respect to their expression status in XaXi and XaXe H9 cells. The lines display the average
log2 ratio of immunoprecipitation (IP) over input, and shaded color represents SEM. The color code is the same as in (A).
(C–E) Zoom of X chromosome regions with corresponding H3K27me3 (green) and H3K9me3 (blue) profiles in XaXi (light) and XaXe (dark) cells. The color of the
vertical bars between the two ChIP-seq profiles corresponds to gene expression status as in (A) (red for reactivated genes and gray for monoallelically expressed
genes). Black horizontal lines correspond to regions with higher H3K9me3 enrichment in XaXe versus XaXi H9 cells.
See also Figure S3 and Table S2.populations of XaXi H9 and XaXe H9 cells. We took advantage of
the clonal XCI pattern of H9 cells (Mitjavila-Garcia et al., 2010;
Shen et al., 2008) to analyze the data in an allelic manner using
a list of H9-informative SNPs we identified using a dataset of
whole genome sequencing for H9 (Supplemental Experimental
Procedures). This approach allowed us to investigate the allelic
expression of 78 genes evenly distributed along the X chromo-538 Cell Stem Cell 16, 533–546, May 7, 2015 ª2015 Elsevier Inc.some for which one or more informative SNPs are available and
that are covered by ten or more reads in both RNA-seq datasets
(Figure 3A; Table S2). Three categories of genes were identified
based on their allelic expression profiles (Figure 3A). In
the first category are genes that are biallelically expressed in
XaXi and XaXe H9 cells. These are transcripts that escape XCI;
i.e., ‘‘escapees.’’ They mostly localize to the short arm of the
chromosome, and some of them have been identified previously
as escapees. The percentage of escapees identified in hESCs
(13%) falls within the range that has been described in differenti-
ated cells (10%–15%) (Carrel and Willard, 2005). The second
class corresponds to genes biallelically expressed specifically
in XaXe cells (Fisher’s exact test, p < 0.05), confirming that the
Xe is characterized by some degree of gene reactivation. These
reactivated genes are not distributed evenly along the chromo-
some but tend to cluster, notably in a 38-Mb region on the long
arm (96–134 Mb). More importantly, only 28% of the assessed
genes are reactivated in XaXe cells. In contrast, the majority of
X-linked genes (59%), constituting the third category, termed
‘‘mono-allelic,’’ remainsmono-allelically expressed in XaXe cells.
Notably, a large 46-Mb chromosomal domain (from 39–85 Mb)
appears to be resistant to transcriptional reactivation. This dem-
onstrates that X chromosome reactivation, although substantial,
is incomplete. The RNA-seq results were validated using pyrose-
quencing and FISH for several genes belonging to each of the
three classes and for novel lncRNAs we identified (Figure S3).
Because re-expression from the Xe is not a global event
but is limited to only a subset of genes, we integrated epige-
nomic features to our expression data to identify potential
epigenomic signatures of X chromosome reactivation. At the
chromosomal level, reactivated genes map within domains en-
riched in H3K27me3 on the Xi. In contrast, genes that are
maintained silent on the Xe tend to be localized in H3K9me3 re-
gions (Figure 3A). To further probe the link between expression
status and chromatin modifications, we compiled the H3K9
and H3K27me3 profiles along the 78 SNP-carrying genes
(including upstream and downstream regions) for each category
(Figure 3B). This analysis reveals a strong correlation between
H3K27me3 and susceptibility to reactivation. Indeed, reacti-
vated genes are characterized by significantly higher levels of
H3K27me3 on the Xi relative to escapees and inactive genes (1
SEM difference in average log2 enrichments). On the Xe, all
genes display low H3K27me3, in agreement with this mark being
lost (Figure 2; Hall et al., 2008; Shen et al., 2008; Silva et al.,
2008). In contrast, H3K9me3 preferentially marks mono-allelic
genes, although reactivated ones and escapees also display
some level of enrichment, mainly around the transcription start
site (TSS). On the Xe, inactive genes maintain higher levels of
H3K9me3 compared with escapees and reactivated ones, but
promoter regions are no longer enriched.
A higher-resolution display of several regions of the X chromo-
some further illustrates the epigenomic features associated
with reactivation (Figures 3C–3E). Genes located in H3K27me3
domains, whether on the central part of the largest domain on
the long arm of the X chromosome (from MORF4L2 to RP1-
24P17.1, Figure 3C) or in amore distal domain (lnc121, Figure 3D)
show reactivation concomitant with H3K27me3 loss. Genes
located in H3K9me3-rich regions (CSTF2 and ARMCX3, Fig-
ure 3C; CDKL5, Figure 3E) are maintained silent on the Xe. Inter-
estingly, genes located at the edge of H3K27me3 domains, such
as WDR44, DOCK11, and BTB33, also fail to reactivate (Fig-
ure 3C). This could be linked to local spreading of H3K9me3
because these boundary regions display elevated levels of
H3K9me3 on the Xe compared with the Xi.
Together, our analysis reveals that, although erosion of XCI in
hESCs is associated with reactivation of genes from the Xe, thisreactivation is only partial and linked to the epigenomic signa-
ture, with only genes within H3K27me3-rich domains being
prone to reactivation.
Erosion of XCI Is Linked to Pluripotency
Large-scale characterization of transcription by RNA-seq is a
very powerful approach but does not routinely probe for cell-
to-cell variability because it is usually performed on cell popula-
tions. It is, in addition, costly and time-consuming, especially
regarding the analysis of the large datasets produced. To
circumvent these problems, we developed a method for large-
scale visualization of transcriptional activity at the single-cell
level and applied it to monitor X chromosome activity in the
context of pluripotent and differentiated cells. This method,
called RNA-paint, relies on an adaptation of the RNA-FISH pro-
cedure to be used with commercially available chromosome
paint probes (Experimental Procedures; Figure S4A). An X chro-
mosome paint probe can indeed detect, by RNA-FISH, a unique
broad transcription signal in female cells carrying an Xi in both
hESCs (Figure 4A, left) and fibroblasts (Figure S4B). The RNA
origin of the hybridization signal is confirmed by RNase treat-
ment of the cells prior to RNA-FISH (Figure 4A, right). RNA/
DNA-FISH shows that the signal indeed originates from one of
the two X chromosomes, most likely the Xa (Figure 4B). Indeed,
this broad X-paint RNA cloud overlaps that of XACT RNA (Fig-
ure 4C), which coats the Xa in XaXi hESCs (Vallot et al., 2013).
The X-paint RNA signal also encompasses that of ATRX (Fig-
ure 4D), a gene resistant to X chromosome reactivation and ex-
pressed solely from the Xa (Figures S4C and S4D), but is clearly
distinct from the XIST RNA cloud, which coats Xi (Figure 4E).
These experiments indicate that the X-paint RNA cloud corre-
sponds to the Xa. The RNA-paint technique can also be applied
to other chromosomes, as shown for chromosome 4, where two
broad domains are observed in 100% of the cells (Figure 4F), an
observation that is consistent with both chromosomes 4 being
active. Our RNA-paint approach therefore allows the visualiza-
tion of chromosome-specific transcription territories within the
nuclear space.
We then testedwhether RNA-paint could be used to probe XCI
erosion in hESCs. In striking contrast to XaXi hESCs, X-RNA-
paint detects a second transcription territory in the majority of
XaXe H9 cells (62%, n = 100, Fisher’s exact test, p < 103; Fig-
ure 4G; Figure S4E). Similar results were obtained in another
hESC cell line, HUES1, with 81%of XaXe HUES1 cells displaying
two X chromosome transcription territories (Figure S4F). This
secondary signal corresponds to the Xe chromosome, and
more specifically to the outer edge of the chromosome territory,
as shown by successive RNA/DNA-FISH (Figure S4G) and by co-
RNA-FISH with ATRX (expressed only from the Xa) and POLA1
(expressed from Xa and Xe; Table S2; Figure 4H). The Xe tran-
scription territory is located in a nuclear region enriched for
H3K4me2 (Figure 4I), a chromatinmark that characterizes poten-
tially active regions and is globally excluded from the Xi (Boggs
et al., 2002; Heard et al., 2001). Together, these results confirm
the substantial reactivation of the Xe in hESCs and indicate
that RNA-paint can not only efficiently detect XCI erosion but
also assess the nuclear localization of altered X chromosome
activity. Measurement of the size of the transcription territories
provides further information on the extent of transcription. TheCell Stem Cell 16, 533–546, May 7, 2015 ª2015 Elsevier Inc. 539
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mosome Activity in hESCs
(A) X-paint RNA-FISH (yellow) in XaXi H9 cells with
or without initial RNase treatment.
(B) RNA/DNA FISH in XaXi H9 cells using X-paint
RNA-FISH (yellow) prior to X chromosome DNA-
FISH (green). Only one of the two Xs displays an X-
paint RNA signal and is, therefore, the Xa, the other
being the Xi (arrows).
(C) Double RNA-FISH staining with the X-paint
(yellow) and the long non-coding RNA XACT (red)
probes in XaXi H9 cells.
(D and E) Double RNA-FISH staining with the X-
paint (yellow) and ATRX or XIST probes (green) in
XaXi H9 cells.
(F) RNA-FISH with a chromosome 4 paint (yellow) in
XaXi H9 cells.
(G) X-paint RNA-FISH in XaXe H9 cells (left). Shown
is the quantification of the ratio between the volume
of Xe versus Xa chromosome transcription terri-
tories for nuclei with two such territories (right, n =
50). The black line indicates the average value
(24.1%).
(H) Double RNA-FISH staining with X-paint (yellow)
and ATRX (left, green) or POLA1 (right, green)
probes in XaXe H9 cells. The Green asterisk in-
dicates the presence of pinpoints for ATRX or
POLA1.
(I) Immunofluorescence staining for histone H3
lysine 4 dimethylation (H3K4me2, green) prior to X-
paint RNA-FISH (red) in XaXe H9 cells. The quan-
tification of IF and RNA-FISH signals along the
white line starting from the top left (position 0 mm, x
axis) to the bottom right (position 35 mm, x axis) is
shown.
The numbers in the right bottom corners of the
images indicate the percentage of nuclei displaying
the staining shown. Blue shows DAPI staining.
Scale bars, 5 mm. See also Figure S4.transcription territory corresponding to the Xe occupies a nu-
clear volume four times smaller than that of the Xa (24% on
average, n = 50; Figure 4G, right). This parallels the proportion
of reactivated genes identified by allelic RNA-seq (28%).
Erosion of XCI occurs spontaneously in hPSCs but has never
been reported in differentiated cells. Indeed, targeted deletion
of XIST from a stably inactivated X chromosome does not result
in large-scale X chromosome reactivation in the either mouse or
human (Brown and Willard, 1994; Csankovszki et al., 1999). To
assess the dependence of XCI erosion on cellular context, we
induced H9 and HUES1 XaXe hESCs cells to differentiate and
monitored the transcriptional activity of the Xe chromosome
by RNA-paint. XaXe cells differentiated efficiently into neural
stem cells (NSC), as judged by morphology (Figure 5A),
decreased expression of the pluripotency marker OCT3/4, and
expression of the NPC markers NESTIN and SOX2 (Figures
5B and 5C; Figure S5A). We observed, upon neural differentia-
tion, a progressive disappearance of the Xe RNA-paint signal
(Figure 5D; Figure S5B). In contrast, transcription from the Xa
continued to be detected both in XaXi and XaXe cells. We
confirmed, by pyrosequencing and sequencing, re-silencing of
some individual genes and lncRNAs (Figures S5C and S5D).
Others, however, maintained their biallelic expression status in540 Cell Stem Cell 16, 533–546, May 7, 2015 ª2015 Elsevier Inc.a differentiated context (Figure S5E), as described previously
(Mekhoubad et al., 2012). Xe silencing was not mediated by
XIST, which remained repressed throughout differentiation (Fig-
ure 5B). Global re-silencing of the Xe was also observed when
an alternative differentiation protocol was used (Figures S5F
and S5G). These results suggest that, in a XIST-negative envi-
ronment, erosion of XCI is a feature of pluripotent but not differ-
entiated cells.
To further assess the link between XCI erosion and pluripo-
tency, we took advantage of a model system in which H9 cells
are submitted to successive rounds of differentiation and re-
programming (Giuliani et al., 2011; Vallot et al., 2013). In this
system, XaXe H9 cells are differentiated into first generation
mesenchymal stem cells (MSC-1) and subsequently reprog-
rammed into induced pluripotent cells (iPSCs). These iPSCs
were then differentiated into second-generation mesenchymal
stem cells (MSC-2). Although none of these cells expressed
XIST, significant transcription from the Xe can be detected in
pluripotent cells (ESCs and iPSCs) but not in differentiated
MSCs (Figure 5E; n = 100, Fisher’s exact test, p < 103).
Our results indicate that RNA-paint is a powerful approach to
visualize chromosome transcription territories and to monitor X
chromosome reactivation in a single-cell manner. This approach
also reveals that erosion of dosage compensation occurs specif-
ically in a cellular context linked to pluripotency.
GeneReactivation andXACTCoating of theXePrecedes
XIST Silencing
Erosion of XCI is characterized by several features, including het-
erochromatin remodeling, altered coating of X chromosomes by
XIST and XACT, and X-linked gene reactivation. To determine
the order in which these events take place, we decided to
monitor the kinetics of the transition between the inactive and
the eroded state.
InH9 cells, the transition between the XaXi andXaXe states ap-
pears to be a quick event because the vast majority of cells are
found in either configuration. We therefore searched for other
hESC lines in which we could efficiently capture the transition
state and selectedWIBR2, which was initially described as being
in a pre-inactivation state, carrying two Xa under low-oxygen
conditions (Lengner et al., 2010). In our hands, WIBR2 cells had
already initiated XCI and retained a Xi coated by XIST, even in
5% O2, as described elsewhere (Gafni et al., 2013). However,
this XCI status is much more stable at lower than at higher O2,
with a much slower progression of XCI erosion, as monitored by
XIST expression. 100%ofWIBR2 cells displayed XIST coating of
the X chromosome from passages 29–38 (Figure 6A), suggesting
aXaXi state for these cells. However, whenweusedRNA-paint to
assess the transcriptional status of the X chromosomes inWIBR2
cells, we could detect nuclei with a second X chromosome tran-
scription cloud, indicating that erosion of XCI is already occurring
in these cells (Figure 6B). Strikingly, X chromosome reactivation
occurswhileXIST is still expressedandcoating thechromosome,
indicating that X chromosome reactivation takes place prior to
XIST silencing. We named the chromosome marked by XIST
and X-paint RNA Xt, for X in a transition state.
Similar observations were made when XACT expression was
assessed. In WIBR2 cells at passage 29, XACT co-accumulates
with XIST in 35% of nuclei (Figure 6C). This fraction increases
with passage number, indicative of a progression within the
population toward the eroded state (Figure S6A). H3K27me3
enrichment is alsomaintained on the Xt uponXACT accumulation
(Figure S6B). In contrast, we never observed cells in which the Xt
was neither coated by XIST (or H3K27me3) nor by XACT, which
would have been indicative of XIST repression and chromatin re-
modeling taking place prior to XACT re-expression. We also
observed XACT re-expression from the Xi prior to XIST silencing
inH9cells. Indeed,whenH9XaXi cellsweremaintained in culture,
up to 10% of cells could be observed in the transition phase and
displayed co-accumulation of XACT and XIST on the Xt (Fig-
ure S6C). Together, these data indicate that X chromosome reac-
tivation initiatesbefore lossofXIST accumulation andepigenomic
remodeling.
Next we compared the kinetics of expression of XACT and
other X-linked genes in relation to XIST by performing three-color
RNA-FISH inWIBR2 cells. We analyzed two transcripts identified
previously in H9 cells as being re-expressed from the Xe,POLA1,
and lnc121 (Figures 6D and 6E). RNA-paint could not be used in
such a three-color configuration because of reduced sensitivity.
First, we did observe reactivation of these two genes in WIBR2
cells as in H9 cells, suggesting that the erosion pattern is not
cell line-specific. Expression from the Xt was found to initiateonly at late passages (Figure 6D) without loss of XIST coating,
confirming our previous observation. At passage 38,WIBR2 cells
expressed POLA1 and lnc121 from the XIST-coated chromo-
some in 28% and 22% of nuclei, respectively (Figures 6D and
6E). However, no or very few cells (1%) showed expression of
either gene on the XIST-coated chromosome in the absence of
XACT. Conversely, co-accumulation of XACT and XIST occurred
in themajority of nuclei with no apparent expression of POLA1 or
lnc121 (52% and 50%, respectively). These results suggest that
XACT expression from the Xt does not merely reflect X chromo-
some reactivation. Instead, X chromosome reactivation appears
secondary to XACT expression and coating of the Xt.
We further investigated the concomitant accumulation of
XACT and XIST on the Xt and observed that XIST and XACT sys-
tematically occupy distinct nuclear domains. Very little overlap
could be detected between the two RNA-FISH signals (median
co-occupied volume of 0.03 mm3; Figure 6F). In addition, the
respective volumes occupied by XIST and XACT when co-accu-
mulating on the Xt were significantly smaller than the volume
occupied by either RNA alone. XIST RNA occupied 3.6 mm3 on
the Xi versus 2.6 mm3 on the Xt (median values, p = 0.02), and
XACT RNA occupied 4 mm3 on the Xa and 0.8 mm3 on the Xt (me-
dian values, p < 106). This suggests that these lncRNAs could
affect each other’s accumulation and that XACT re-expression
and accumulation on the Xi could impact XIST accumulation.
In conclusion, our kinetic analysis revealed that XIST repres-
sion is not the first event in the XCI erosion process and appears
to be a consequence rather than a cause of erosion (Figure 6G).
Partial reactivation of the Xi precedes the loss of XIST coating. In
particular, reactivation and accumulation of XACT on the inactive
X take place prior to robust gene reactivation and loss of XIST
expression. XACT is therefore an early marker of XCI erosion in
hPSCs.
DISCUSSION
Here we unravel a pluripotent specific epigenomic landscape of
the inactive X chromosome in humans and demonstrate that the
erosion of XCI, which occurs spontaneously in hPSCs, is not a
chromosome-wide process but, rather, is restricted, both at
the epigenomic and transcriptional levels, to subdomains of
the X chromosome. We show that erosion of XCI is tightly asso-
ciated with pluripotency, and we demonstrate that, surprisingly,
loss of XIST expression is a consequence rather than a cause of
this event. We reveal that gene reactivation and, in particular,
XACT expression and coating precede XIST repression and
are therefore more precocious markers of the erosion process.
Characterizing the details of XCI in hPSCs is essential but
challenging, given the major instability of the process. Because
drift in the XCI status occurs in only few passages and because
multiple XCI states can co-exist within a given culture, conclu-
sions drawn from experiments performed on cell populations
must be interpreted with care. Purification of homogenous cell
populations and constant monitoring of their XCI status has
allowed us to precisely assess epigenomic and transcriptomic
alterations associated with XCI erosion. Allelic investigation of
RNA-seq data was also instrumental in unambiguously identi-
fying relaxed genes and genes resistant to XCI erosion and
correlating their genomic localization with epigenomic features.Cell Stem Cell 16, 533–546, May 7, 2015 ª2015 Elsevier Inc. 541
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Figure 5. Erosion from XCI Is Linked to Pluripotency
(A) Bright-field images of differentiation of XaXe H9 cells into NSCs from day 0 (d0) to day 9 (d9). Scale bars, 150 mm.
(B) RT-qPCR analysis of OCT3/4 and XIST expression during XaXe H9 differentiation.
(C) Characterization of NSCs by immunofluorescence using antibodies against NESTIN (green) and SOX2 (red). Quantification of positive cells was performed by
ArrayScan, and the percentage of positive cells is indicated. Scale bars, 100 mm.
(legend continued on next page)
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Such an approach is more precise in terms of allelic determina-
tion than analysis of microarray datasets because elevated
expression levels in XaXe cells compared with XaXi cells can
result from mechanisms other than biallelic expression.
Our findings that not all genes are equally susceptible to X
chromosome reactivation add to the complexity of the system
and suggest that discordant conclusions regarding the XCI sta-
tus can be drawn when only single genes are analyzed by RNA-
FISH. Such gene-specific differences in allelic expression
emphasize the importance of monitoring the entire chromosome
for transcriptional activity. RNA-paint proved to be a powerful
approach, allowing the visualization of chromosome-specific
transcription territories within the nucleus. RNA-paint is not,
however, suitable to detect individual gene expression, such
as nascent transcripts from individual escapees or XIST RNA
from the Xi. This could be due to the probe’s coverage of individ-
ual loci (for example, the 32-kb XIST locus represents only
0.021% of the X chromosome DNA) or to the genomic content
of the chromosome paint probe. In this context, maintenance
of the reactivated status during differentiation for specific genes,
as described here and by Mekhoubad et al. (2012), would not be
detected by RNA-paint.
The ability to assess global chromosome activity directly with
single-cell resolution has several important implications for both
fundamental and applied biology. This method combines large-
scale transcriptome analysis with single-cell characterization,
enabling the simultaneous assessment of 3D nuclear organiza-
tion and chromosome-wide transcription. In the case of the X
chromosome, RNA-paint can be used to gain insights into XCI
at the single-cell level in heterogeneous samples and in low-
cell-number and valuable material, such as pre-implantation em-
bryos and human blastocysts. RNA-paint could also be used to
probe for aberrant profiles of X chromosome activity in heteroge-
neous tumor samples. This is of relevance because several find-
ings suggest that enhanced transcription of the X chromosome
could participate in tumorigenesis and that the number of active
Xs rather than the total number of X chromosomes, might be a
key feature of an aggressive cancer cell (Richardson et al.,
2006; Spatz et al., 2004; Vincent-Salomon et al., 2007). Finally,
RNA-paint can be useful to assess transcriptional activity in
the case of chromosome translocations.
So far, abnormal X chromosome activity profiles have only
been reported for hPSCs and aggressive cancer cell lines,
potentially revealing a phenotypic advantage in rapidly dividing
cells for increased X chromosome activity. The latter could be
linked to the upregulation of X-linked oncogenes (Anguera
et al., 2012). On the other hand, XCI erosion has never been
described in differentiated cells. XIST expression is stably main-
tained in such cells, both in culture and in vivo. In addition,
induced deletion of XIST from the Xi does not lead to massive
gene reactivation (Brown and Willard, 1994; Csankovszki et al.,(D) X-paint RNA-FISH (yellow) during NSC differentiation of XaXe hESC cells. St
displaying the corresponding staining. Scale bars, 5 mm. The graph indicates the p
for all time points. Nucleus distribution was compared every day to XaXi H9 diffe
(E) XaXe H9 hESCs were differentiated into MSC-1 cells, which were reprogramm
Top: bright-field images. Scale bars, 100 mm. Bottom: X-paint RNA-FISH (yellow) w
the corresponding staining. Scale bars, 5 mm.
See also Figure S5.1999). Here we demonstrated that, in an isogenic, XIST-negative
context, global erosion of XCI as detected by RNA-paint is strictly
linked to pluripotency. It is important to note, however, that some
genes are maintained expressed in differentiated cells. This sug-
gests that a subset of genes might not be properly dosage-
compensated in differentiated cells derived from XaXe female
hESCs. This result has safety implications for the clinical use of
hESC-differentiated derivatives; the long-term impact of bi-allelic
expression for several X-linked genes should be assessed.
The opposite susceptibility of pluripotent versus differentiated
cells toward XCI erosion might be explained by the existence of
protective mechanisms in the latter, the presence of promoting
factors in the former, or a combination of both. Our finding that
the epigenomic landscape of the Xi is different in hPSCs and
differentiated cells may provide insights. The redistribution of
H3K27me3 and the resulting overlap between H3K27me3 and
H3K9me3 in differentiated cells may ensure stabilization of the
inactive state. Such a reorganization also demonstrates that
the Xi in hPSCs and the Xi in differentiated cells are distinct,
differing at the epigenomic levels and probably regarding other
features. It suggests that, although initiated, XCI is not in its final
state in hPSCs. XCI in these cells would rather correspond to an
intermediate, transitory state, artificially but inefficiently fixed in
culture. This is reminiscent of the short time window described
in early differentiating mouse ES cells, during which XCI shifts
from a reversible, Xist-dependent process to an irreversible,
Xist-independent mechanism (Wutz and Jaenisch, 2000).
What triggers XCI instability in hPSCs is unknown, but we
show here that XIST is unlikely to play a causal role in this pro-
cess. Indeed, we demonstrate that XACT expression and
coating are so far the first detectable markers distinguishing
the Xi from the Xe, preceding loss of XIST expression, loss of
H3K27me3 accumulation, and global gene reactivation.Whether
XACT directly promotes XCI erosion remains to be determined,
but, in this context, it would be important to decipher the regula-
tory mechanisms controlling XACT to elucidate the mechanisms
of XACT reactivation from the Xi and to further develop strategies
aimed at preventing instability of XACT expression in hPSCs.
In addition to the precise characterization of XCI erosion in
hPSCs and its possible causes, our findings provide insights
into the regulation of XCI in humans and the role of XACT in this
process. Our observation that XIST and XACT can transiently
co-accumulate on the X chromosome, but with limited overlap,
suggests that XIST and XACT transcripts do not interact physi-
cally and that the two RNAs might compete for coating the chro-
mosome. We propose that re-expression of XACT from the Xi in
hPSCs repels XIST RNA, initially from the XACT locus and pro-
gressively upon coating by XACT, from all XIST contact points.
This would lead to epigenomic reorganization and to reactivation
of genes within these domains. Transcriptional silencing of XIST,
likely by mechanisms involving DNA methylation (Lengner et al.,aining for hESCs (left) and NSCs (right) is shown with the percentage of cells
ercentage of nuclei (n > 100) with one (black) or two (white) X-paint RNA clouds
rentiation with Fisher’s exact test. ***p < 103; **p < 102; n.s., not significant.
ed into iPSCs, and these iPSCs were differentiated to generate MSC-2 cells.
ith DAPI (blue). The numbers correspond to the percentage of nuclei displaying
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Figure 6. XACT Transcription and Coating from the Xe Precedes XIST Silencing and X-Linked Gene Reactivation
(A) XIST RNA-FISH (green) in WIBR2 cells at passages 29 (left) and 38 (right).
(B) X-paint RNA-FISH in WIBR2 cells at passage 29.
(C) Double RNA-FISH staining with XIST (green) and XACT (red) probes in WIBR2 cells at passage 29. Quantification is shown in Figure S6A.
(D) Triple RNA-FISH with XACT (red), POLA1 (blue), and XIST (green) probes in WIBR2 cells at passages 29 and 38. The images show the most abundant
expression pattern. The barplots describe the quantification of the observed expression patterns. Numbers of nuclei (n = 100) with each expression pattern were
compared between the two passages using Fisher’s exact test. ***p < 103.
(E) Triple RNA-FISH with XACT (red), lnc121 (blue), and XIST (green) probes in WIBR2 passage 38 cells as in (D).
(F) Computation of the volumes occupied by either XIST (green) or XACT (red) RNA on the Xi, Xa, or Xt chromosome inWIBR2 cells at passage 29 using 3D image
segmentation. Also shown is the volume co-occupied by XIST andXACTRNAon the Xt (XACTXXIST). Volumes occupied by XIST or XACTRNAon Xt and Xi or Xa
were compared using a Mann-Whitney-Wilcoxon test. Left and center: two opposite examples of XIST and XACT staining and volumes coating on the Xt with
measured volume values (cubic micrometers) for XIST on the Xt and XACT on the Xa and Xt and for the overlap (yellow). Scale bars, 5 mm. 100 nuclei were
analyzed.
(G) Model for the transition of XaXi to XaXe hESCs. The first events observed are the activation of XACT transcription and subsequent coating of the Xt,
accompanied by a reduction of the volume occupied by XIST RNA on the Xi (i). Progression of erosion leads to transcription of other X-linked genes (ii). Erosion is
eventually complete following full destabilization of XIST and expansion of the volume occupied by XACT RNA (iii).
In (A–F), the numbers in the right bottom corner correspond to the percentage of nuclei displaying the staining. Blue shows DAPI staining. See also Figure S6.
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2010; Shen et al., 2008), would ultimately occur. In this model,
XACTwould not be directly involved in the activity of the chromo-
some but would rather act as a XIST antagonist, competing with
XIST for binding to the chromosome and/or limiting chromosome
accessibility. Interestingly, in human pre-implantation embryos,
XIST is expressed by default and accumulates around every
X chromosome, in males and in females, in the absence of
K3K27me3 enrichment and gene silencing (Okamoto et al.,
2011). It would be interesting to test whether XACT is expressed
at this stage and whether it plays a role in preventing XIST from
silencing X chromosomes in early human development.
EXPERIMENTAL PROCEDURES
Cell Culture
The hESC lines H9, HUES1, and WIBR2 and iPSCs were cultured in DMEM
F-12 medium supplemented as described previously (Vallot et al., 2013),
except for WIBR2 cells, which were kept in 5% O2. Fetal female fibroblast
IMR90 cells and adult female fibroblasts (Coriell Institute, catalog no.
AG09603) were cultured in DMEM supplemented with 10% serum, 0.1 mM
non-essential amino acids (NEAAs), 2 mM L-glutamine, and 0.05 mM b-mer-
captoethanol. MSCs were cultured in minimum essential medium Eagle, a
modification (a-MEM) supplemented with 10% FBS, 0.1 mM NEAA, 2 mM
L-glutamine, and 1 ng/ml b-fibroblast growth factor (FGF). The use of hESC
lines was licensed by the French BioMedicine Agency in December 2008
and in January 2012.
Immunofluorescence
All cells were cultured on 12-mm coverslips and were first fixed in 3% parafor-
maldehyde/PBS for 10 min at room temperature (RT) and then permeabilized
for 5 min at RT with cytoskeleton (CSK) buffer (NaCl, MgCl2, sucrose, and
piperazine-N,N0-bis(2-ethanesulfonic acid [pH 6.8]) supplemented with 0.5%
Triton and 2 mM EGTA. Cells were incubated for 45 min with 0.2% gelatin/
PBS and for 45 min with rabbit polyclonal primary antibody (anti-H3K4me2,
catalog no. 07-030,Millipore, or anti-H3K27me3, catalog no. 07-449,Millipore)
diluted in 0.2% gelatin/PBS, washed three times in PBS, incubated for 30 min
with an Alexa Fluor anti-rabbit secondary antibody (Life Technologies), and
washed three times with PBS. Coverslips were mounted on slides with Vecta-
shield (Vector Laboratories) supplemented with 4’,6’-diamidino-2-phenylin-
dole (DAPI).
ChIP-Seq
ChIP experiments were carried out as described previously (Navarro et al.,
2010) using antibodies against H3K9me3 (catalog no. pAb-056-050, Diage-
node) and H3K27me3 (catalog no. 07-449, Millipore). 10 ng of immunoprecip-
itated and input DNA was processed for sequencing (50-bp reads) on an
Illumina Hiseq 2000 using the Truseq DNA sample prep kit V2 (Illumina)
according to the manufacturer’s recommendations. As a validation of our
ChIP-seq analysis workflow, our datasets for IMR90 were compared with pub-
lished ChIP-seq profiles (GSE16256; Figure S2E). A summary of all publicly
available datasets used in this study is provided in Table S1.
RNA-Seq and Allelic Expression Analysis of X-Linked Transcripts
Total RNAwas extracted using Trizol and treated with Turbo DNase (Life Tech-
nologies). RNA-seq was performed and aligned as described previously (Vallot
et al., 2013). We took advantage of the clonal XCI pattern of H9 cells (Mitjavila-
Garcia et al., 2010; Shen et al., 2008) to analyze the data in an allelic manner.
We identified 198 SNPs on the X chromosome, corresponding to 78 genes that
could be used for allelic analysis (Table S2). We considered a transcript as bi-
allelic when at least 30% of reads originated from the second allele. For each
selected SNP, wemeasured the significance of the difference in allelic balance
between the XaXi and XaXe libraries using Fisher’s exact test.
RNA-FISH with Chromosome Paint
Chromosome paint probes were obtained from Metasystems (chromosome
4 paint and X chromosome paint #1) and Cambio (X chromosome paint #2).X chromosome paint #1was used inmost experiments, except when indicated
otherwise. For probe preparation, 5 ml of concentrated chromosome paint was
diluted with 5 mg of human Cot-1 DNA (Life Technologies) in 300 ml water and
precipitated using 1/10 3M NaAc and 2.5 volumes of ethanol overnight. The
pellet was resuspended in 5 ml of 50% formamide/50% hybridization buffer
(43 saline sodium citrate (SSC), 20% dextran sulfate, 2 mg/ml BSA, and
2 mM vanadyl ribonucleoside complex) and dissolved for 10 min at 37C.
Chromosome paint was denatured for 7 min at 75C and incubated for
30min at 37C prior to dispensation on coverslips overnight at 37C in a humid
chamber. Coverslips were washed as described previously (Vallot et al., 2013)
and mounted in Vectashield (Vector Laboratories).
For dual RNA-FISH involving chromosome paint, RNA-FISH was performed
in two steps. First, RNA-FISH with chromosome paint was performed over-
night as described above. Coverslips were washed three times in 50% form-
amide/23 SSC at 37C and re-incubated overnight with the second probe
as described in the Supplemental Experimental Procedures. Both signals
were observed simultaneously.
Successive RNA/DNA-FISH with Chromosome Paint
RNA-FISH was performed on slides as described above, pictures were taken,
and cell coordinates were noted using a stage-motorized Leica microscope
(see Microscopy and Image Analysis). Slides were then washed, and cells
were permeabilized for 10 min in 0.1 N HCl/0.7% Triton on ice and treated
with 100 mg/ml RNase in 23 SSC for 1 h at 37C. Slides were denatured for
10 min at 80C in 70% formamide/23 SSC. The X chromosome paint was de-
natured for 2 min at 75C and incubated with slides overnight. Slides were
washed three times with 23 SSC at 45C and 0.13 SSC at 60C.
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